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A computer simulation program called TRNSYS (Transient System 
Simulation) was used to model two air-conditioning waste heat recovery 
water heating configurations. The first model is a heat recovery unit 
(HRU) that utilizes an 80-gallon storage tank in conjunction with a 
conventional home air-conditioning system. The second model is 
similar to the first, except that there is an additional 80-gallon 
preheat storage tank. An attempt was made to compare simulation results 
with experimental field data. However, due to problems encountered 
during the field tests, such as equipment and/or instrumentation 
failure, there were not enough experimental data to make a rigorous 
comparison. The performance of the simulated systems was studied 
under different values of parameters influencing energy savings. 
The primary factor of mismatch between waste heat availability and 
hot water demand was analyzed and recommendations were made to 
minimize the mi sma·tch. 
The one-tank and two-tank models were compared against each 
other and the two-tank model was found to be more energy efficient 
and more economical. This was in agreement with the experimental 
results. In all cases, energy savings were shown to be higher during 
periods of large air-conditioning demand. 
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During the 1960s, people in the United States started to become 
aware that energy resources used to that time period were not inex-
haustive. Indeed, the use of energy became an increasing percentage 
of commercial and residential monetary budgets. As a result, there 
was an effort initiated to improve energy utilization efficiency. When 
the energy crunch of the 1970s occurred, however, a more concerted 
effort at energy efficiency developed. Industry started developing 
and evaluating a host of energy conservation approaches. One such 
development was utilization of waste heat in co-generation schemes. 
One domestic co-generation scheme is to utilize a heat recovery 
unit (HRU) to recover air-conditioning waste heat for water heating. 
The HRU is a counter flow heat exchanger installed downstream of the 
air-conditioning compressor. It extracts the heat energy of the 
superheated refrigerant gas discha~ged from the compressor to provide 
heat for domestic hot water heating. There are various arrangements 
to install HRUs. The heat recovery system performance greatly depends 
on the type of cooling system being used, the control system and the 
hot water storage methods. 
The objective of the present project was to analyze an HRU used 
with a home air-conditioning system to provide hot water for household 
2 
U$e. Two concepts were studied: one incorporated a single 80-gallon 
storage tank and the other incorporated an additional 80-gallon 
storage tank in a preheat arrangement. 
_The approach utilized in the research involved problem 
definition, literature search, model development, data analysis and 
data/model correlation. Finally, an attempt was made to correlate 
simulation results with field test data. At last, conclusions and 
recommendations were made. 
Review of Literature 
The literature search was initiated with two objectives in mind: 
1. Compile the results of previous analytical/experimental 
studies performed on heat recovery systems in conjunction 
with conventional resi .dential air-conditioning systems. 
2. Identify various computer simulation programs closely 
applicable to residential heat recovery systems. 
Since heat recovery units can be installed on both conventional 
air-conditioning systems and heat pumps, their performance and 
economic feasibility have been studied in conjunction with both 
systems. However, there has been more attention, and as a result, 
studies and experiments carried out on the performance of an HRU with 
a heat pump since heat pumps can be used year-round. 
In an early study on the performance and evaluation of heat 
reclamation devices (Mohammadi and Sloan 1978) commercial units and 
field test data were detailed with economic guidelines to aid in the 
choice of a unit. The study primarily dealt with commercial 
3 
refrigeration systems and dismissed the residential HRU due to its 
lower limit to payback on initial investment. The -study also states 
that commercial HRUs invariably have better payback periods than do 
residential systems. This report does not discuss testing of 
residential systems; however, the commercial unit tests indicate that 
the dual tank systems are more favorable than single tank systems 
which are contrary to findings of A.O. Little, Inc. on the economics 
of heat recovery systems (Lee et al. 1977). The report also discusses 
the different operational concepts of temperature regulating valves 
and pump control set up of different manufacturers. There are two 
basic operational control designs which time and control the water flow 
and temperature, respectively. In one case, water is stored in the 
HRU by the temperature sensing valve, until its temperature reaches a 
pre-specified limit, at which point a regulating valve is opened 
allowing water to flow into the storage tank. In another case, the 
water pump, which is electrically coupled with the compressor, is 
activated, circulating water through the HRU and into the storage 
tank. Water is circulated in a loop until its temperature has reached 
an upper limit or the compressor is . deactivated. In some other 
designs, a combination of temperature sensing regulating valves control 
the flow of water and air-conditioning system refrigerant. 
A study at Florida Atlantic University was done on a residential 
retrofit demonstration (Messenger 1982). A total of $144,932 was 
spent on retrofit measures on the dwellings of 25 participants. This 
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study was done with the cooperation of the Florida Public Service . 
Commission and Florida Power and Light Company. The equipment 
installed included 18 central air-conditioning systems, 10 new duct 
systems, 20 new refrigerators, 19 solar water heaters, 2 air-
conditioning heat recovery water heating units, 26 ceiling fans, 20 
ceiling insulation upgrades to R-19 or better, window film and awnings, 
low-flow shower heads, high efficiency swimming pool filter systems 
and other improvements which appeared to be cost-effective investments. 
It found that the average energy savings of the heat recovery units 
were about 35% on an annual basis. 
Another field test of various combinations of electric energy 
conserving appliances was conducted in 16 homes in Orlando, Florida, 
(~ 
and in 12 horres in Miami, Florida (Lawrence 19.rt). The appliances 
tested were central air-conditioners, ceiling fans, heat pumps, heat 
recovery water heaters, dedicated heat pump water heaters and 
refrigerators. The heat recovery water heater tests showed energy 
savings in Miami where new heat recovery units were installed for 
testing. At the sites in Orlando, where existing heat recovery units 
which had been in service for 2-5 years were tested as installed, no 
energy savings were found. The test found that the amount of energy 
saved by heat recovery water heaters depends directly on the number 
of hours of air-conditioning compressor run time and the air-
conditioner's efficiency. There also was a strong sensitivity to 
water heater thermostat settings and to the heat recovery unit control 
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system logic. Estimated annual energy savings for typical Miami 
sites were found to be between 20.3% and 22.2%. 
In another report based on test results and experience, 
Wetherington (1980) concluded that the heat recovery unit should be 
capable of delivering a controlled flow of hot water to the system at 
a temperature at least 5 to 10° F above the hot water system thermostat 
setting. The HRU should have adequate capacity to completely de-
superheat the refrigerant at the highest expected incoming system cold 
water temperature. In another report, Wetherington states that if 
water requirements are consistently large, the maximum water flow rate 
indicated would be chosen. If, on the other hand, relatively small 
amounts of hot water are required, the minimum flow rate would be 
chosen (Wetherington 1975). 
In another report, potential energy savings and economic viability 
of the heat reclaimer option were determined for various sites in the 
United States using a modified bin analytical technique {Olszewski 
1984). The results indicated that the HRUs are a viable technique 
(having a simple payback period of less than 7 years) in areas where 
the cooling season is long or electricity rates are high. 
A test study performed by the Alabama Power Company revealed 
that the water heater size was of paramount importance {Lovvorn 
1980}. The original eight installations proved that some capacity 
problems would ·be evidenced when only one 40-gallon tank is used. 
They recommended one 80-gallon storage tank with the bottom electric 
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heating element disconnected or two 40-gallon tanks piped in series 
to allow one to serve as a preheat storage tank. In this study, 
the HRUs were used in conjunction with a heat pump. 
In its residential conservation demonstration program, the 
Florida Public Service Commission supported studies to analyze a 
number of residential energy conservation devices and methods. Among 
these was a project to experimentally determine the relative advantages 
of air-conditioning heat recovery units and dedicated air to water 
heat pumps used for potable water heating. Six residences in the 
Central Florida area were selected and these devices were installed 
in various configurations. The project started in July 1981 and 
ended on September 30, 1983. Although several problems arose during 
the period of data collection, there were sufficient data collected 
to allow some useful analysis of the energy. conservation systems 
(Eno 1982}. The experimental study concluded that the air-
conditioning HRUs were the most promising alternative, although the 
energy savings associated with water heating heat pumps were relatively 
constant throughout the year. 
Concerning the HRUs, there are . many more papers and reports on 
the design and installation, economic feasibility and payback periods, 
existing barriers to widespread use, field test and performance 
analysis and industrial and commercial applications. However, these 
papers and reports deal mostly with HRUs operating in conjunction with 
heat pumps and, secondly, analyze their performance with one storage 
tank. 
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Computer codes and programs for simulating a variety of energy 
systems have been written. SOLSYS, a computer code _ for simulating 
solar energy systems that may include simple rankine-power cycles, 
has been widely used. SOLTES (Simulator of Large Thermal Energy 
Systems) is another computer simulation code developed at Sandia 
Laboratories in Albuquerque, New Mexico. It has a greater capability 
of simulating complex power cycles as well as process heat, heating 
and cooling systems (Fewell and Grandjean 1980). Because of its 
modularity and flexibility, SOLTES can be used to analyze individual 
components or simulate a wide variety of thennal energy systems such as, 
solar power/total energy, fossil fuel power plants/total energy, solar 
energy heating and cooling, geothermal energy, nuclear-fired power 
plants/total energy and solar hot water system as well as load 
management and energy accounting capabilities. Another simulation 
program widely used by the United States Air Force is BLAST (Building 
Loads Analysis and System Thermodynamic Program) that simulates 
various types and arraPgements of heating, ventilating and cooling 
systems such as chilled water, hot water, direct expansion, v~riable 
volume, etc. It is a powerful tool in providing a feasibility study 
to determine the most efficient heating and cooling system {Hittle, 
1984). 
TRNSYS {Transient System Simulation) is a computer program that 
simulates solar hot water and heating/cooling systems. It was written 
by the Solar Energy Laboratory at the University of Wisconsin at 
Madison. As will be explained later, it has individual components 
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of . solar and heating/cooling systems in separate subroutines (Solar 
Energy Laboratory 1984). Due to its availability in the University 
of Central Florida computer library and its generality, it was 
decided to use this program to simulate the performance of heat 
recovery units installed on residential air-conditioning systems. 
Objectives of Research 
The literature search proved the lack of data in HRU application 
with conventional air-conditioning. There were even less data 
available on any arrangement other than the single hot water storage 
tank. Variation of key parameters such as, discharge temperature of 
the HRU, thermostat setting of the storage tank(s), hot water consump-
tion, storage tank size and insulation thickness, and other parameters 
influencing the system performance and efficiency were not analyzed 
in depth. 
In the present study, attention was focused on developing a 
simulation model of HRU system configuration. The simulation data 
was to be used as a basis for comparing the different arrangement 
(one-tank versus two-tank) of energy recovery system with each other 
and to determine the advantage, if any, of one set-up over the other. 
In addition, due to the existence of numerous variables influencing 
the total system response, another objective of the study was to 
analyze the system behavior as some key parameters were changed 
from a baseline case. An attempt was made to provide some guidelines 
.for manual adjustment of some system set points affecting HRU 
efficiency and energy savings associated with it. The two primary 
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configurations under study and their key parameters to be investigated 
are described in the following sub-sections. 
CHAPTER II 
SYSTEM DESCRIPTION 
The two models under study will be described and the major compo-
nents of each system will be identified. In addition, several system 
parameters which will be analyzed, are briefly mentioned here. 
HRU with One Hot Water Storage Tank 
An air-conditioning heat recovery unit (HRU) is a controlled-flow 
counterflow heat exchanger inserted in the superheat line of the air-
conditioner, downstream of the compressor, as depicted in Figure 1. 
This device is installed as an intermediary between an air-conditioning 
unit and a hot water storage tank. The superheated refrigerant gas 
gives up some of its heat to the domestic water as it passes through 
the heat exchanger (HRU). This particular heat exchanger often has 
double-wall construction on the water side to reduce the possibility 
of domestic water contamination by poisonous refrigerant. The water 
inlet to the HRU comes from the bottom of the storage tank where the 
water is at lowest temperature. After circulating through the HRU 
and extracting energy from the superheated refrigerant gas, it will be 
returned to the top of the storage tank. This is the method widely 
used in residential HRU systems due to its relatively low initial 
capital investment. The storage tank has one or two resistance 
heating elements that will supply the additional energy required to 
keep the tank at a preset temperature. These heating elements will 
supply heat energy only when the HRU is not supplying enough heat to 
10 
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Figure 1. Air-conditioning Heat Recovery Water Heating System with One Storage Tank. 
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the tank. As the water is drawn from the tank upon household demand, 
water from the main supply is added to the storage tank to keep it 
full. The HRU circulating pump will come on-line when the air-
conditioner is operating and the storage tank is below a maximum 
HRU set temperature. 
It is evident that the HRU, and ·as a result, the total system 
performance, greatly depends on several variables. As the hot water 
consumption of the residence increases, more heat energy will be 
required which will be provided by the HRU, if available; otherwise, 
the auxiliary heating elements will have to supply the energy. The 
electric energy provided by the auxiliary elements will vary depending 
on the thermostat setting of the storage tank. The exit temperature 
of the hot water from the HRU, entering the storage tank, will also 
influence the auxiliary heat supplied by the electric heating elements. 
The volume of the storage tank will also affect the auxiliary energy 
required since, for a smaller tank, less carryover from HRU supplied 
heat to hot water use occurs. These and some other parameters 
influence the performance of a heat recovery system. 
The intent of this research is to find out optimum system 
parameters while providing adequate hot water for household 
consumption. 
HRU with Two Hot Water Storage Tanks 
In the dual storage tank configuration, as shown in Figure 2, the 
household is supplied with hot water from the primary tank upon demand. 























Figure 2. Air-conditioning Heat Recovery Water Heating System with Preheat Storage Tank. 
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w~ter supplied from the preheat tank is below -the minimum temperature 
setting of the primary tank, an electric heating element will turn on 
in the primary tank and provide the additional energy required. The 
preheat tank is supplied with hot water from the HRU at the top and 
has no internal source of energy like the primary tank. As water 
is drawn from the preheat tank by the primary tank, it is replaced 
with water from the main supply. In short, the preheat tank temper-
ature always depends on a mixture of hot water from the HRU and cold 
water from the main supply. 
Once again, there are several variables affecting the overall 
system performance. Variables such as the exit temperature of the 
HRU, thermostat setting of the primary storage tank, volume of the 
two storage tanks and the hot water consumption of the residence will 
effect the total system performance. Sever~l other variables such as 
the insulation thickness of the storage tanks, discharge temperature 
of the superheated refrigerant gas and the type of residence construc-
tion will influence the total energy required to provide a supply of 
hot water to the residence. 
The influence of each one of the variables in the two-tank 
configuration will not necessarily be similar to the one-tank 
arrangement. This is another subject that will be discussed later 
with the objective to determine the superiority of one system over 
the other. 
CHAPTER III 
ANALYSIS AND PROCEDURE 
Air-conditioning System 
In this chapter, the thermodynamic cycle of a conventional 
air-conditioning system will be discussed, followed by general 
description of the computer simulation model of the heat recovery 
system. 
Figure 3 shows a temperature-enthalpy diagram for an air-
conditioning cycle for R-22 refrigerant operating at common conditions 
of 46.1°C condensing temperature and 4.4°C evaporating temperature. 
Heat is absorbed from the conditioned space during the evaporating 
and superheating of low pressure R-22. After compression, heat is 
then rejected from the system during de-superheating, condensing and 
subcooling of the high pressure R-22. The energy (heat) added to the 
refrigerant, for a given amount of refrigerant circulated, is 
dependent on the efficiency and pressure differential across the 
compressor. 
The temperature-enthalpy diagram also shows that the heat 
available during condensation and subcooling is at a temperature too 
low to recover for water heating. The greatest potential for water 
heating is in de-superheating the refrigerant gas. It is at this 
stage where the refrigerant gas has the highest temperature and 
15 
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Figure 3. Temperature-Enthalpy Diagram for R-22. 
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pressure. It must be realized that there is a finite amount of heat 
energy to be recovered by de-superheating the refrigerant gas and 
anything beyond that will not bring about any useful energy. 
Heat Recovery System Simulation 
The Transient System Simulation (TRNSYS) software package is 
primarily used in the field of solar energy. However, since solar 
and heat recovery systems are of the same nature, there are many 
similarities and the software can be adapted for the latter applica-
tion. TRNSYS has many subroutines or "uni ts 11 which simulate i ndi vi dua 1 
components or perform certain calculations commonly used in solar 
energy systems. Some of these subroutines can be readily adapted to 
model the heat recovery system described above. Other components 
such as the HRU (heat exchanger) had to be substantially modified. 
The amount of waste heat available from the air-conditioning 
(A/C) is a function of several variables such as ambient temperature, 
the pattern of A/C usage in the house, the house construction and, 
finally, the compressor efficiency. Some of these variables are 
predictable; however, some are totally unpredictable and depend on 
the particular residence, such as A/C usage or hot water usage 
patterns. 
The heat recovery system program has two data bases containing 
the ambient temperature fluctuations for a typical summer day (June 
14, 1982), as shown in Figure 4 (U.S. Department of Commerce 1982), 
in Orlando and a normalized hot water demand pattern of a typical 
18 
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household, as shown in Figure 5 (Mutch 1974). These data are 
recorded every 15 minutes or, where they were not available on a 
15-minute basis, the data were interpolated. 
The main components of the heat recovery system are the HRU, 
which is a counterflow heat exchanger, the pump and the storage 
tank(s). 
The TRNSYS program used for simulation has a "unit" modeling 
various types of heat exchangers, including the counterflow type. 
In the TRNSYS program, the two mass flow rates and inlet tempera-
tures of the hot and cold fluids are known inputs to the "unit," 
and the outlet temperatures and total heat transferred will be its 
outputs. However, in the present case, the outlet temperature of 
the cold fluid replaces its mass flow rate as a known input quantity 
so that the HRU outlet temperature reaches the preset value. This 
is to insure hot water entering the storage tank at high enough 
temperatures. Therefore, the TRNSYS heat exchanger program had to 
be modified to allow the cold side fluid mass flow rate to be 
calculated from the known inlet and outlet temperatures and an energy 
balance on the heat exchanger. 
The HRU generally employs a counterflow heat exchanger whose 
effectiveness is as follows: 
e: = 1 - e 
c . 
1 - ( -1!!!.!l) e 
cmax 
UA (1 C IC ) 
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Figure 5. Hourly Percentage of Daily Hot Water Consumption (from NDSN Data Family Sizes 2, 3, 4). 
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where: 
cmin = minimum value of ch and cc 
ch = mhcph 
C - m C c - c pl 
As this equation shows, the effectiveness is a function of the 
product of flow rate (m) and specific heat of the fluid (CP) on either 
side of the heat exchanger. 
For simplicity, in the simulation model, a counterflow heat 
exchanger with constant effectiveness was assumed. It could be 
argued that a constant effectiveness counterflow heat exchanger is 
not a very valid model. As will be explained later, due to a lack 
of logical statements, creating a true counterflow heat exchanger 
model by TRNSYS would be quite cumbersome and, besides, the same 
objective was achieved by varying the heat exchanger capacity and 
inlet/outlet conditions. 
One component that is widely used in all solar and heat recovery 
systems is the circulating pump in the water side of the heat 
exchanger. In some residential heat recovery units, this is a con-
stant speed pump that circulates a fixed amount of water per unit of 
time (flow rate, m), when there is recoverable energy available. The 
rate of flow through the pump and then the heat exchanger will 
determine the outlet water temperature. 
As Wetherington (1975) indicates, it is advantageous to restrict 
the flow through the heat exchanger so that the hot water supplied to 
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the storage tank is always at a prescribed thermostat setting. He 
found, in his experiments, that less supplemental heat was required 
than in those cases where the water flow rate was not adjusted and 
theoretically, more heat was recovered. So, a model with variable 
flow rates was proposed. In order to maintain a fixed water outlet 
temperature, the water flow rate has to somehow be regulated. This 
could be thought of as a variable speed pump or a temperature 
regulating valve (TRV), with the exit temperature of the HRU preset 
at the desired value. The temperature regulating valve, commonly 
used on multiple heat exchangers on one loop with a single pump, does 
this well (Gay 1980). Such components as the temperature regulating 
valve do not exist in the TRNSYS simulation package. The pump model 
used in TRNSYS is a constant speed pump with a fixed mass flow rate. 
Thus, it was necessary to modify TRNSYS to model a TRV (or variable 
speed pump) to ensure a constant temperature water out of the heat 
exchanger and into the storage tank. As a result of variable flow 
rates through the heat exchanger, there will be less fluctuation in 
internal energy of the tank and less supplemental heat would need to 
be added by the electric heating element (Wetherington 1975). 
Since individual components in TRNSYS are in subroutine form, 
the only way to make this conversion from constant to variable speed 
pump is to either alter the subroutine internally or write a new 
subroutine. However, due to certain limitations of TRNSYS such as a 
lack of conditional statements ( 11 if 11 statements and 11 do 11 loops), the 
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latter has to be done by using the 11 units 11 performing algebraic 
operations by reverse polish notations, similar to ·that used in some 
calculators. 
The storage tanks used in this model are stratified tanks with 
three layers of thermal stratification. The primary tank has supple-
mental electric heat, while the preheat tank in the two-tank model 
has no supplemental heat and no means of regulating temperature 
other than through the HRU. Thus, the temperature in the preheat 
tank can go as high as the HRU outlet temperature or as low as the 
main supply temperature, depending on the amount of energy available 
from the HRU. The electric heating element in the primary tank of the 
two-tank model is located in the ·bottom of the storage tank. However, 
for the one-tank model, the electric heating element had to be re-
located to the upper section of the storage tank due to convergence 
problems encountered during the one-tank model simulation. 
The simulation starts with calculating the house cooling load 
based on an overall UA value and the differential temperature between 
the ambient and the conditioned space. That is, the steady-state 
house cooling load is: 
Qhouse = UA (Tambient - Thouse) (2) 
where the UA value is based on an average house with typical Florida 
construction and the ambient temperature for that particular time 
step is provided by the weather data base as mentioned earlier. 
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If the above temperature difference was negative, it was conve,rted 
to zero. That would mean there was no air-conditioning load available 
and the A/C was off. Assuming an average 3-ton air-conditioning unit, 
the fraction of time that the A/C has to be operating to satisfy the 
house needs is: 
Q 
t =c:Q house 
max A/C 
(3) 
So, the total amount of refrigerant circulated in time t to produce the 
cooling effect is: 
~-22 = . m max x t (4) 
where mmax is the flow rate of refrigerant through the A/C operating 
at maximum capacity. 
Since the maximum flow rate of the refrigerant is known (see 
the Appendix), it is possible to determine the time fraction that the 
A/C is running for given ambient conditions. The waste heat available 
in that particular time increment is the product of refrigerant flow 
rate, specific heat and the temperature differential between the hot 
and cold side inlet temperature. That is: 
It must be noted that the actual amount of heat transfer across the 
heat exchanger is: 
25 
(.6) 
Now, the mass flow rate of water through the HRU heat exchanger can 
be determined based on the amount of heat transferred by R-22 as 









o, out= a preset temperature desired by the user 
T = the water temperature drawn from the bottom of H20, in the storage tank 
Note that TH
2
0,out is not the same as the temperature setting on the 
primary tank heating element thermostat, since it is not intended to 
bypass the HRU and stop the recovery of waste· heat when the storage 
tank reaches the heating element thermostat setting. That could result 
in momentary activation of the electric heating element due to tank 
heat loss to the environment. The HRU outlet temperature setting is 
at least 20°c higher than the heating element thermostat setting. The 
upper limit on the HRU outlet temperature is to avoid excessive heat 
build-up in the storage tank that could result in injury to the house-
hold occupants. Notice that in equation (7) when the tank temoerature 
reaches the preset HRU outlet temperature at some time during the 
day, the water flow rate could theoretically approach infinity. This 
would produce error messages by the simulation program and result in 
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t~rmination of the simulation. In order to avoid this circumstance, 
a residual value (say o.1°c) is added to the differential temperature 
so that the flow rate would not be infinity, but rather an unrealis-
tically high flow rate. In practice, when the storage tank temperature 
reaches the preset HRU outlet temperature, the pump will shut down. 
Next, this calculated water flow rate is compared to the maximum 
water flow rate (see the Appendix) and forced to zero if larger than 
maximum. Otherwise, it is taken as the water flow for the initial 
iteration. It is clear that the heat transfer through the heat 
exchanger, based on the calculated water flow rate and the desired 
temperature difference across the HRU, is: 
(8) 
It is important to note that the temperatur~ differential across the 
HRU is not fixed, but rather the exit temperature of the HRU is fixed 
at a preset value. The entering temperature of the HRU depends totally 
on the water temperature leaving the preheat storage tank and entering 
the HRU. As a result, the differential temperature mentioned above 
could vary from a positive to a negative value. Of course, it is 
obvious that a negative value will be ignored and treated as zero. 
Now, the two heat transfer rates (one based on R-22 flow rate and 
the other based on the water flow rate) are compared and the smaller 
of the two is chosen, as indicated by equation (6). This would be the 
actual amount of heat transferred across the HRU. Now, by going 
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through the same procedure as explained before, the actual flow rate 
of the two media can be found by substituting in equations (5) and 
(7). The water flow rate would then be an input to the preheat 
storage tank subroutine. The subroutine will perform an energy 
balance on the preheat storage tank and will provide such outputs as 
the entering and leaving temperature of the water, the energy 
transferred to the primary tank, the residence, the environment, etc. 
The primary tank will have similar inputs/outputs except that the 
primary tank will have no input from the heat source (HRU). The hot 
water entering the primary tank from the preheat tank will be treated 
as the primary tank make-up water. 
Once the unknown quantities are determined for each time step 
(every 15 minutes), they wi 11 be ·integrated o·ver a 24-hour period 
and used in the final analysis/comparison. It is worthwhile to 
mention that every time there was a possibility of division by zero 
and resulting error message, a residual value of 0.1 was added to 
the denominator. This might have caused some inaccuracy, but it was 
mostly negligible. The diagrams shown on the next pages are schematic 
descriptions of all the components and their inputs/outputs of the 
one-tank and the two-tank models (see figur~s 6 and 7). 
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In this chapter, the results of the simulation of the one-tank 
and two-tank models will be presented. In each case, the variables 
under study will be individually discussed and their effect on the 
system performance will be presented in graphical form. 
One-Tank Model 
In order to fulfill the objectives of this report, the one-tank 
model was simulated using the baseline parameters, as discussed 
earlier. Then, some of the parameters which have a more pronounced 
effect on the system performance were varied within a reasonable 
range. These are the variables that could be manually adjusted in 
an actual energy recovery system, such as the hot water demand by the 
household, the outlet temperature of the HRU, the temperature setting 
of the heating element, the outlet temperature of the refrigerant 
out of the compressor and the volume of the storage tank. Although 
the change in some of these variables · would result in similar patterns, 
in such cases the quantitative percentage of change is interesting 
and revealing, not the mere change itself. Each case is discussed 
in detail to provide further insight into system behavior. 
30 
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HRU Outlet Temperature 
The HRU outlet temperature on the water side could be changed 
by adjusting the flow rate of the variable speed pump or resetting 
the temperature regulating valve (TRV). Figure 8 shows that as the 
outlet temperature of the HRU is increased, the total heat recovered 
by the HRU increases; so does the storage tank heat loss to the 
environment (Figure 9) and the energy supplied to the household by 
the storage tank (Figure 10). The less obvious trend noticed was 
the increase in the amount of auxiliary heat provided by the electric 
heating element as the HRU outlet temperature was increased (Figure 
11). As the HRU outlet temperature is increased, the water flow rate 
through the HRU is restricted and there is less hot water available 
to the storage tank. As a result, when there is a hot water demand 
by the residents, the additional water required to keep the storage 
tank at the desired level has to be provided by the main supply at 
23.8°C which will eventually have to be heated to maintain 60°C minimum 
in the storage tank. As it will be explained later in the discussion, 
this phenomenon may be the : result of a variable speed ~ump and/or 
the lack of a tempering valve. 
The increase in the total amount of energy supplied to the 
household by the storage tank (Figure .10) corresponds to the increase 
in the electric heating element output (Figure 11). A quantitative 
comparison of figures 8 and ·11 reveals that the magnitude of increase 
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Figure 8. Total Heat Recovered by the HRU versus Outlet Temperature 
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Figure 10. Energy Supplied to the Household by the Storage Tank 
versus the HRU Outlet _Temperature . 
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Figure 11. Energy Supplied by the Auxillary Electric Heating 
Element versus the HRU Outlet Temperature. 
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in QHRU is less than 600 kJ, while the increase in electric heating 
element contribution is about 4000 kJ. It is clear that such an 
increase in the HRU outlet temperature is not without penalty. 
Figure 12 shows the minimum amount of hot water energy required by 
the household, that is: 
. 
Qrequired = ml Cp (Ttank - Tmain) (9) 
It must be kept in mind that since no tempering valve is incorporated 
in the two models, as it would occur during various applications in a 
residence, the total energy supplied to the residence may be somewhat 
exaggerated. 
Temperature of the Heating Element Thermostat 
The thermostat setting inside the storage tank, could be adjusted 
as desired. This minimum storage tank temperature is maintained by 
auxiliary heat from the electric element. As the thermostat setting is 
increased, the inlet temperature of the water to the HRU from the stor-
age tank increases. As a result, there will be a smaller change in 
temperature across the HRU and, therefore, less energy provided by it 
(see Figure 13). As expected, the heat loss of the tank increases with 
higher tank temperature (see Figure 14). The energy removed from the 
tank to supply the house increases as the tank temperature is elevated, 
since the hot water demand flow rate is considered fixed (Figure 15). 
The supplemental electric energy required to maintain the higher 
thermostat setting also increases as shown in Figure 16. Figure 17 
35 
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Figure 12. Minimum Hot Water Energy Required by the Household 
versus the HRU Outlet Temperature. 
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Figure 14. Storage Tank Heating Loss to the Environment versus 
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displays an increase in the energy required by the residence, as the 
thermostat setting is increased. 
Discharge Temperature of the Compressor 
The A/C compressor discharge providing superheated refrigerant 
gas is more or less an independent variable and is a function of the 
compressor efficiency and the limits on the A/C cycle. The level of 
compressor discharge temperature could show the effect of less effi-
cient or older compressors in comparison to newer ones. This higher 
refrigerant temperature is also analogous to HRUs with higher 
effectiveness. As expected, the total energy recovered by the HRU 
increases as the temperature of the superheated refrigerant gas 
increases (see Figure 18). Also, the heat loss from the tank increases 
(see Figure 19) and the energy removed from the tank to supply the 
househo 1 d (Figure 20) increases as a result of higher heat extraction 
from the HRU. The auxiliary electric heat decreases as a result of 
higher refrigerant temperature (see Figure 21). Figure 22 shows the 
household energy demand increasing which is, again, due to higher 
temperature water supplied to the residence at a fixed demand flow 
rate. 
Volume of the Storage Tank 
As the volume of the storage tank increases, the energy provided 
by the HRU increases (see Figure 23). However, the increase is 
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Figure 23. Total Heat Recovered by the HRU versus the Storage Tank 
Volume. 
42 
HRU outlet temperature. Due to higher volume of water in the storage 
~ \'tfZV 
tank, the upper limit safety temperature of the storage tank is 
reached less frequently and, therefore, the HRU will operate more 
often, producing more energy. The heat loss from the tank increases 
appreciably due to the bigger tank and larger surface area (see 
Figure 24). The energy supplied to the residence drops, to a small 
extent, due to lower temperature water maintained in the tank (see 
Figure 25). At some time during the day the tank temperature may go 
higher than the auxiliary thermostat setting due to frequent operation 
of the air-conditioner. However, with a larger tank, the tank 
temperature does not reach as high. The supplemental heat is required 
more often due to larger volume of water and higher loss to the 
environment (see Figure 26). Figure 27 displays that the energy 
demand by the house has dropped rathe·r insig,nificantly due to lower 
supply temperature to the house. 
This does not imply that an undersized hot water storage tank 
is advantageous but, as it will be explained later in the discussion, 
the storage tank must be sized according to the hot water consumption 
of the household. 
Mass Flow Rate of the Hot Water 
Demanded by the Household 
As explained earlier, the demand profile was an average standard 
profile suggested by Rand Corporation (Mutch 1974). This variable is 
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even day to day within the same household. The profile chosen for 
our simulation was the one suggested by TRNSYS and widely used in 
many reports and research projects. 
As expected, increasing hot water demand will result in higher 
energy recovery (see Figure 28) and less loss to the environment due 
to quicker withdrawal of water from the tank (see Figure 29). The 
energy supplied to the residence from the tank has also increased 
(see Figure 30) at the cost of higher supolemental electric energy (see 
Figure 31). A comparison of figures 28 through 31 shows that as the hot 
water demand increases, most of the energy required to maintain the 
storage tank temperature and satisfy the household is provided by 
the supplemental heating element and a small portion by the HRU. 
Two-Tank Model 
The model with a preheat storage tank was simulated with baseline 
parameters and later with various parameters at different values, as 
explained earlier for the one tank model. The mere existence of two 
tanks, one without supplemental heat, would allow large temperature 
fluctuations in the preheat tank which would be expected to affect 
the overall system performance differently from the one tank model. 
Variations of sorre other parameters, in addition to the ones discussed 
earlier, were also investigated to gain further insight into the 
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Hot Water Demand Rate of the Household 
As the hot water demand increases, the HRU'~ capacity to provide 
more energy is increased (see Figure 32) and less energy is lost to 
the environment by the preheat tank (see Figure 33). Although more 
energy is supplied to the primary tank by the preheat tank (see Figure 
34) and relatively less energy is lost to the environment by the 
primary tank (see Figure 35), most of the heat energy provided to 
satisfy the household has come from the electric heating element 
rather than from the HRU (see Figure 36). The coincidental increase 
in HRU capability (see Figure 32) and, at the same time, higher 
supplemental heat is in fact caused by the mismatch in the time of 
the day the hot water demand increases and when the HRU is operating 
at higher capacity. This subject will be discussed later in detail 
since it is a prime factor in how much useful energy can be obtained 
from the HRU. As expected, the house total energy demand increases 
proportionally to the hot water flow rate (see Figure 37). 
Storage Tank's Heat Loss Coefficient 
As the preheat storage tank heat loss increases, more energy 
is provided to the preheat tank by the HRU (see Figure 38), due to a 
larger change in temperature across the HRU. Obviously, more heat 
is lost by both tanks, more significantly by the primary tank (see 
figures 39 and 40) due to the existence of the electric supplemental 
heat. There is also very 1 ittle fluctuation in energy supplied to 
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Figure 33. Preheat Storage Tank Heat Loss to the Environment versus 
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Figure 37. Minimum Hot Water Energy Required by the Household 
versus the Demand Flow Rate. 
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54 
temperature. It is interesting to note that even though more 
supplemental heat was provided (see Figure 42)~ the total amount 
delivered to the household was less (see Figure 43) because of the 
high rate of heat loss to the environment, resulting in a generally 
lower primary tank temperature. 
Discharge Temperature of the Compressor 
Higher temperature refrigerant gas entering the HRU increases 
the HRU capacity (see Figure 44) and, thus, the energy supplied to 
the primary tank (see Figure 45). It is important to notice that, 
although more energy was lost to the environment (see figures 46 and 
47}, less energy was supplied by the electric heating element (see 
Figure 48) and, in addition, less was provided to the house (see 
Figure 49). It can be argued that higher inlet water temperature 
to the primary tank has reduced the need for additional supplemental 
heat. This additional supplemental heat is generally consumed by the 
storage tank to compensate for heat loss to the environment and to 
maintain the thermostat setting when incoming water is not sufficiently 
hotter than the minimum setting. There are occasions when the primary 
tank temperature is close to or somewhat above the thermostat setting 
and, as a result of heat loss to the environment, the temperature 
falls and auxiliary heat is called upon. With higher amounts of energy 
recovered by the HRU, the frequency of occurrence of this phenomenon 
decreases, resulting in a more efficient system. 
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Insulation and Construction of the House 
The UA value of the house used in the simulation could have 
various influences. It can be influenced by an increase or decrease 
in the size of the house, the insulation value of the house, the 
construction method, etc. Figure 50 shows that increasing the UA value 
will increase the available HRU energy due to higher A/C waste heat 
rejection. Heat loss to the environment by the two tanks will conse-
quently increase as a result of higher tank temperature (see figures 
51 and 52). The energy transfer from the preheat tank to primary tank 
will also increase (see Figure 53), again due to higher preheat tank 
temperature. The decrease in the amount of energy supplied to the 
residence by the primary tank as shown in Figure 54 corresponds to an 
identical decrease in the amount of auxiliary heat supplemented 
(Figure 55). A comparison of figures 54 and 55 shows that the 
supplemental heat is often required, not to satisfy the residence 
or provide necessary energy, but to compensate for the temperature 
swing in the tank due to environmental losses and resulting temperature 
drop below the thermostat setting. 
Preheat and Primary Storage Tank Volume 
As expected, any increase in the preheat storage tank volume will 
increase the amount of energy provided by the HRU, due to higher 
change in temperature across the HRU (see Figure 56). The preheat and 
primary storage tank heat loss to the environment also increases (see 
figures 57 and 58). The energy supplied to the primary tank by the 
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Total Heat Recovered by the HRU versus Volume of the 













Preheat Storage Tank Heat Loss to the Environment versus 
the Volume of the Preheat Tank. 
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preheat tank slightly increases (see Figure 59), and then drops as 
the preheat tank volume increases. It is quite conceivable that at 
some point the volume of the preheat tank is so high that the preheat 
tank water temperature drops and, as a result, there will be less 
energy available. Looking at the magnitude of the increase and 
decrease of Figure 59 reveals that the difference is almost negligible. 
The heat energy available to the household decreases as the tank 
volume increases (see Figure 60). This is to be expected because as 
the volume goes up, the average primary tank temperature decreases 
and there will be fewer occasions when the primary tank temperature 
goes beyond the thermostat setting. This is apparent by looking at 
Figure 61 and noticing a decline in energy required by the household. 
Obviously, the supplemental heat was called more often as suggested 
by Figure 62 to accommodate for larger mass of water in the primary 
storage tank. 
Set Temperature of the Heating Element Thermostat 
As expected, any increase in the setting of the heating element 
will proportionally increase the primary storage tank heat loss (see 
Figure 63), the available energy to the residence (see Figure 64) and 
the auxiliary heat required (see Figure 65). A·comparison of figures 
64 and 65 shows that more energy is supplied by the heating element 
than the tank delivers to the residence, the difference of which is, 
pf course, lost to the environment. Thus, any thermostat setting but 
the minimum required is too costly in terms of electrical power 
consumption. 
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Figure 59. Energy Supplied to the Primary Tank by the Preheat Tank 
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Fi·gure 61. Minimum Hot Water Energy Required by the Household versus 
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Figure 62. Energy Supplied by the Auxiliary Heating Element versus 
the Volume of the Primary Storage Tank. 
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the Thermostat Setting of the Heating Element. 
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Outlet Temperature of the HRU 
As explained earlier, the outlet temperature of the HRU is a 
function of either the pump speed or the setting of the temperature 
regulating valve. Increasing this temperat~re will increase the total 
energy recovered by the HRU (see Figure 66). The energy lost to the 
environment by either tank goes up, but after a certain point, it 
starts decreasing (see figures 67 and 68). The change in energy loss 
to the environment by the preheat tank is very insignificant and, for 
the primary tank, it amounts to about 1% of the total heat loss, so 
it is ignored. The energy loss to the surrounding area is a function 
of the tank temperature and will increase with increasing water storage 
temperature. The same trend is observed with the amount of energy 
supplied to the residence by the primary tank (Figure 69) as well as 
the energy supplied by the auxiliary heating element (Figure 70). 
The energy supplied to the primary tank by the preheat tank has 
increased as a result of higher preheat tank temperature (Figure 71). 
It should be pointed out that during each time step of the 
simulation the TRNSYS program will continue the iteration process 
until the equations have converged. However, the convergence of 
differential equations and consequent completion of that time step 
will not generate a set of values satisfying the conservation of 
energy theorem completely. That is: 
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the HRU Outlet Temperature. 
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There always exists some residual value and as long as i.t d9es not 
exceed a small percentage of the energy transfer, the simulation can 
be safely assumed to be generating reliable data. This percentage of 
error varies from one simulation to another, but never exceeds 5%. 
Now, the upward and then downward trend noticed in figures 67 through 
70 could very well be the result of such inconsistency in completely 
balancing the conservation of energy equations. 
Discussion 
A comparison of the experimental and simulation data revealed 
that there exists little, if any, similarity or pattern between the 
two. The experimental data and their results are outlined in Eno 
(1982), but since the data compilation is massive and out of the 
scope of this study, only the results will be referenced here. This 
dissimilarity was suspected earlier in the simulation because the 
data generated by the simulation are a function of ambient temperature; 
that is, the only variable driving different values for each time step 
was the ambient temperature. However, in the real-world, the amount 
of energy recovered is a function of numerous variables such as 
ambient temperature, humidity, sun solar angle, sun radiation, house 
use of air-conditioning, number of people in the house, frequency of 
air change due to opening and closing doors, type of construction, 
the age of the air-conditioning unit at use, etc. That is why the 
data obtained by the experiment were very erratic and they did not 
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possess any pattern or similarity. But, the simulation data are based 
on a typical house with a typical usage of hot water and 
air-conditioning. 
It was then decided to treat the simulation data alone and 
compare the effects of changes with one another. It should, however, 
be mentioned that both approaches predicted the same pattern of 
energy recovery as it will be discussed later. 
Now an attempt is made to compare the results of the two models 
with each other in order to gain further insight into the overall 
system efficiency and optimum system parameters. The two models will 
be compared and their response to variations of similar par~meters 
will be analyzed. 
HRU Outlet Temperature 
One of the factors greatly influencing the overall system 
efficiency is the water flow rate through the HRU. As the magnitude 
of water flow rate is increased, the temperature of the water leavinq 
the HRU and entering the storage tank is inversely affected. This, in 
turn, will reduce the storage tank average temperature. On the other 
hand, lower flow rate will result in higher entering temperature to 
the storage tank, but the makeup water required to maintain a full tank 
has to be increased. This will result in water from the main supply 
to enter the tank at 23.a0 c, thereby reducing the tank temperature 
and causing the supplemental heater to work more often. It is apparent 
that one cannot adjust the flow rate independent of the desired tank 
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temperature. It should be pointed out that in comparing si~ilar cases, 
the capacity of superheated refrigerant gas -is maintained at a constant 
value. Looking at the model algorithm will show that the flow rate 
through the HRU is dictated by the temperature setting of the pump (or 
TRV). As this temperature increases, the water flow rate through the 
HRU decreases. Tables 1 and 2 show the effect of this variation in 
temperature for one- and two-tank models, respectively. In the case 
of the one-tank model, as the HRU temperature setting is increased, 
the amount of energy recovered by the HRU has also increased slightly, 
but the major portion of additional energy required has been provided 
by the supplemental electric heat. Quantitatively speaking, 20% 
increase over the baseline in the thermostat setting has caused a 
slight increase of about 4% in the HRU output. However, the supple-
mental heat had to be increased by about 22%. In his experimental 
and computer model, Wetherington (1975) found that as the water flow 
rate was restricted, more energy was extracted from the HRU. He 
argued that higher flow rate through the HRU will assure maximum heat 
recovery from the refrigeration cycle, at the expense of lower leaving 
temperature. He stated that if the household water requirements are 
consistently large, the maximum HRU water flow rate indicated would 
have to ~e chosen. On the other hand, if relatively small amounts 
of hot water are required by the household, the minimum HRU water flow 
rate must be chosen to provide the system with hot water at usable 
temperatures without the necessity for supplemental heat. However, 












VARIATIONS IN OUTLET TEMPERATURE 
OF THE HRU FOR THE ONE-TANK MODEL 
57.2 58.8 60 62.77 
0 2.8 4.9 9.7 
15,040 14,960 15,150 15,220 
0 -.5 . 7 1.2 
3,719 3,794 3,829 3,922 
0 2.0 3.0 5.5 
33,530 34,580 35,210 86,370 
0 3.1 5.0 8.5 
-99. 6~ -135.1 -165. 7 -233.2 
0 35.5 66.2 133.9 
22,100 23,330 24 ,210 25,220 
0 5 ."6 9.5 14 .1 
33,390 34,600 35,070 36,280 
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VARIATIONS IN OUTLET TEMPERATURE 
OF THE HRU FOR THE TWO-TANK MODEL 
57.2 58.8 60 62.77 
0 2.8 4.9 9.7 
22,450 22,610 22,900 23,490 
0 . 7 2.0 4.6 
596.2 620.8 634.2 664.5 
0 4.1 6.4 11. 5 
21, 190 21,630 21,990 22,660 
0 2.1 3.8 6.9 
-656.6 -701. 6 -735.7 -813.8 
1 6.9 12. 0 23.9 
3,458 3,529 3,582 3,701 
0 2.1 3.6 7.0 
8,364 8,253 8 ·'148 8,050 
0 -1.3 -2.6 -3.8 
-146.8 -182.7 -209.8 -272.9 
0 24.5 42.9 85.9 
11,810 11,760 11, 710 11,740 
0 -.4 -.8 -.6 
29,680 30,040 30,100 30,700 















-311. 3 -506.7 
112 .1 245.2 





in another report, Wetherington (1980) stated that in those cases 
where the water flow rate through the heat exchanger was restricted, 
there was less supplemental heat being used in the water system than 
in those cases where theoretically more total heat was being recovered. 
The reason Wetherington's results are not in agreement with those of 
this simulation could be a lack of a tempering valve in this model. 
Without a tempering valve, the hot water is always being delivered 
to the household at least at the thermostat setting, no matter what 
application the hot water is going to be used for. In some places, 
such as sinks and showers, the hot water will always be tempered to 
bring it down to a comfortable temperature, while some appliances such 
as dishwashers, will use the hot water at incoming temperature. 
Lack of a tempering valve could cause rapid depletion of the storage 
tank and more frequent call for supplemental electric heat. 
Another drawback of higher tank temperature is the extra energy 
lost to the environment, especially during the periods of no drawdown. 
The sporadic call for supplemental heat, when the tank temperature 
drops below its minimum setting, is another factor contributing to 
lower overall system efficiency. Earlier studies have determined that 
best performance could be expected when water flow rate is adjusted so 
that the outlet temperature of the HRU is s°F to I0°F above the 
thermostat setting in the storage tank. 
Table 2 shows the response of the two-tank model to variations 
in outlet temperature of the HRU. It is interesting to note that in 
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this case, the heat recovered by the HRU increased by about 10% .over 
the baseline as a result of a 20% increase over the baseline in the 
HRU outlet water temperature. The more significant result is that 
even though the water flow rate to the preheat tank was restricted 
due to higher leaving water temperature, the supplemental heat 
provided by the electric resistance element to the primary storage 
tank actually decreased, though very little. This is in great contrast 
to what was observed in the case of one-tank models where the 
supplemental heat called for was actually 22% over the baseline. In 
the two-tank model, there is higher storage capability and as a · 
result, there will be more energy .extracted by the HRU. In addition, 
due to existence of higher temperature water in the preheat tank, the 
supplemental electric heater will have to supply less energy than 
before to bring the preheated water temperature up to the final 
thermostat setting. 
It must be realized that such an advantage could only be 
realized where there is a preheat tank; otherwise, hot water might 
be introduced to the residents at unsafe temperatures. However, the 
use of a tempering valve downstream of the storage tank could accom-
plish the same results in the one-tank arrangement. Again, there 
)s greater heat loss to the environment due to higher temperature 
water in the tanks. 
At last, the argument boils down to whether, from an energy 
efficiency and economic standpoint, higher hot water temperature is 
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advantageous or not. It seems that in the case of the one storage 
tank, the two (energy efficiency and economic advantage) are not 
synonymous. If the objective is to operate at highest system effi-
ciency, there is no need to tamper with the flow rate as long as it 
is large enough to extract all the energy from the superheated gas. 
However, that is not going to be economically advantageous because 
the water entering the storage tank is now at lower temperatures and, 
as a result, the supplemental heat is always called upon to compensate 
for this deficiency. On the other hand, as the water flow rate 
through the HRU is restricted and the temperature setting of the 
water leaving the HRU is increased, there is less hot water available 
to the storage tank, thereby necessitating addition of makeup water 
entering at 21.1°-23.8°c. Again, the supplemental heat is called 
upon to bring this water up to the thermostat setting. This will 
not assure higher system efficiency, but there is less supplemental 
heat required which, in turn, means better economy. It should be 
remembered that too high a temperature setting would also result in 
higher supplemental energy demands. 
This argument does not hold .true in the case of the two storage 
tank arrangement where the system efficiency and economic advantages 
are one and the same. We could safely choose a reasonably high 
setting and enjoy the benefits of both. 
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Hot Water Demand Flow Rate 
In light of the discussion above, it can easily be realized why 
an increase in the hot water demand by the household will call for 
more supplemental heat by the electric heating element, even though 
the HRU capacity will also increase. Tables 3 and 4 show the effect 
of increase in demand flow rate on the other variables, such as the 
QHRU and Qaux for one- and two-tank models. This will necessitate 
the storage tank(s) to be sized according to the household hot water 
use so that the electric heat is not wasted for raising the temperature 
of the water that is not going to be used. In his report~ Olszweski 
(1984} indicates that a 33% decrease in hot water consumption will 
reduce the average allowable cost by 17%. 
A comparison of tables 3 and 4 shows that as the demand flow 
rate increases, there is considerably less supplemental heat called 
upon and more energy recovered by the two-tank model than by the one-
tank model. The greater energy recovery is partially due to the 
existence of a larger volume of water in the two-tank model. 
Besides, the change in temperature across the HRU is greater since 
there is no heating element in the preheat tank to raise its temper-
ature at the end of each time step. In addition, as a result of 
introducing preheated water into the primary tank, there will be less 
auxiliary heating energy required to raise the water temperature to 
the thermostat setting. Nevertheless, as it was mentioned earlier, 




VARIATIONS IN THE HOT WATER DEMAND 
BY THE HOUSEHOLD FOR THE ONE-TANK MODEL 
. 
m 190 200 210 222.4 230 250 
%L 0 5.3 10.5 17.1 21.1 31.6 
Q 14,860 15,010 15,130· 15,220 15,380 15,590 
3HRU 0 1.0 1.8 2.4 3.5 4.9 
Q . 3,970 3,953 3,937 3,922 3,908 3,877 %env 0 -.4 -·. 8 -1. 2 -1.6 -2. 3 
Q 31,380 32,910 34,440 ~6,370 37,460 40,480 
3tank 0 4.1 9.8 15.9 19.4 21.0 
L1 E -225.1 -228 -230.6 -233.1 -235.6 -241. 2 
% 0 1. 3 2.4 3.6 4.7 7.2 
. 
Q 20,860 22,200 28,560 25,220 26,310 29,040 
3aux 0 6.4 12.9 20.9 26.1 39.2 
~required 31,350 32 ,850 34,390 36,280 37,340 40,400 0 4.8 9.7 15.7 19 .1 28.9 
83 
TABLE 4 
VARIATIONS IN THE HOT WATER DEMAND 
BY THE HOUSEHOLD FOR THE TWO-TANK MODEL 
. 
m 190 200 210 222.4 230 350 
%L 0 5.2 10. 5 17.1 21.1 31.6 
Q 22,010 22,480 22,920 23,490 23,800 24,650 %HRU 0 2.1 4·.1 6.7 8.1 12.0 
Qenv 902.4 820.5 749.4 664.5 614 454.5 
% I 0 -9.1 -17.0 -26.4 -32.0 -49.6 
QtankI 20,860 21,440 22,030 22,660 23,050 24,060 
% 0 2.8 5.6 8.6 10.5 15.3 
11EI -771. 8 -787 -799.5 -813.0 -822.4 -851. 2 
% 0 2 .. 0 3.6 5.4 6.6 10. 3 
Q 3,708 3,707 3,697 3,701 3,702 3,216 
% envII 
0 . 1 -.2 -.1 -.o -1.3 
Q 5,381 6,170 6,955 8,050 8,720 11,000 
% tankII 
0 14.8 29.3 49.6 62.1 104.4 
~EII -272.9 -272 -273.9 -272.9 -272.2 -354 0 -.3 .4 0 -.3 29.7 
Q 9,072 9,872 10,650 11, 740 12,410 14,200 
3
auxII 
0 8.8 17.4 29.4 36.7 56.5 
~required 26,370 27,650 29,020 m,700 31,750 35,020 0 4.9 10.0 16.4 20.4 32.8 
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Insulation and Construction of the House 
Another less significant, though worthwhile, factor is the 
insulation of the house. In this study, the insulation value and the 
area of the house was simultaneously analyzed by variations in the UA 
value. Clearly, a larger house or less insulated house will have 
longer air-conditioning run time and, as a result, more waste heat 
available to the HRU. However, those are not factors maximizing or 
minimizing the HRU efficiency. Due to the insignificance of the UA 
value, it was only analyzed for the two-tank model (see Table 5). It 
could be expected to have similar results, though not as pronounced, 
on the one-tank model. Olszewski (1984) indicates that increasing 
insulation to levels that are generally the maximum justified by life 
cycle cost analysis reduces the allowable cost by less than 10%. The 
effect of house size on the maximum allow~ble cost was also examined 
by Olszewski. If the insulation level remains constant, an increase 
in house size will result in an increase in space conditioning load. 
The waste heat available to the HRU will also increase, but the amount 
of heat offered is greater than the amount that can be accepted during 
periods of high air-conditioning usage. Therefore, an increase in 
house size will have little or no effect on the energy savings or 
allowable cost. In addition, the increase in air-conditioning run 




















VARIATIONS IN THE UA VALUE 
OF THE HOUSE FOR THE TWO-TANK MODEL 
1,400 1,450 1,500 1,550 l,600 
0 . 3. 6 7.1 10.7 14.3 
22,590 23,040 23,490 ~3,900 24,320 
0 2.0 4~0 5.8 7.7 
561. 3 615.9 664.5 708.8 753.7 
0 9.7 18.4 26.3 34.3 
21,910 22,290 22,660 23,090 23,390 
0 1. 7 3.4 5.1 6.8 
-831.5 -822 -813.8 -806.3 -798.8 
0 -L 1 -2.1 -3.0 -3.9 
3,692 3,695 3,701 3,703 3,718 
0 . 1 .2 .3 . 7 
8,721 8,380 8,050 7.724 7,394 
0 -3.9 -7.7 -11.4 -15.2 
-275.3 -274.1 -272.9 -273. 9 -270 
0 -.4 -.9 -.9 · -1. 9 
12,400 12,060 11, 740 11,410 11, 100 
0 -2.7 -5.3 -8.0 -10.5 
30,630 30,650 t30,700 30 '770 30 ,810 






















Storage Tank Heat Loss Coefficient 
The insulation of the storage tank(s), however, has a somewhat 
more pronounced effect. This effect is less obvious on the amount of 
heat recovered, but rather more on the supplemental heat provided by 
the heating element. As shown in Table 6, when the coefficient of 
heat transfer was reduced by a factor of 6, the energy recovered by 
the HRU increased by about 6% over the baseline, but the supplemental 
heat had to be increased by more than 50% over the baseline to com-
pensate for the significantly greater losses to the environment. The 
effect of this parameter was not analyzed on the one-tank model, 
however, similar results were to be expected. In addition, the 
insulation levels on today's storage tanks are adequate and, in most 
cases, more insulation is not economically justifiable. 
Volume of the Storage Tank 
The hot water storage tank size is also of great importance. It 
must be sized according to the hot water demand of the household. Too 
big a storage tank will increase the heat loss to the surrounding area 
and waste the hot water energy provided by either the HRU or the 
supplemental electric heat. The energy obtained from the HRU might be 
"free," but the energy input by the electric heating element is not. 
The electric energy required to raise the final temperature of 
larger volumes of water to the thermostat setting is quite costly 
and must not be wasted. Too small a storage tank could also have un-
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- TABLE 6 
VARIATIONS IN THE LOSS COEFFICIENT OF 
THE STORAGE TANKS FOR THE TWO-TANK MODEL 
1 2 2. 5~ 3 5. 
0 100 155 200 400 
23,030 23,310 23,490 23,610 24,100 
0 1.2 2.0 2.5 4.6 
235.~ 507.5 664.5 794.3 1,360 
0 115.1 181. 7 236.7 476.5 
22,590 22,640 22,660 22,680 22,660 
0 .2 .3 .4 .3 
-825.5 -817 -813.8 -811. 8 -808.2 
0 -1..0 -1.4 -1. 7 -2.1 
1,296 2,940 3,701 4,308 6,893 
0 126.9 185.6 232.4 431. 9 
9,374 8,413 8.050 7.768 6,893 
0 -10.3 -14.1 -17.1 -26.5 
-337.9 -264.7 -272.9 -279.0 -206 
0 -21. 7 -19.2 -17.r -9.4 
10,660 11,340 11, 740 12,060 13,760 
0 6.4 10.1 13.l 29.1 
31,960 31,050 30,700 30,440 29,550 






















tank, the final thermostat setting would he reached quickly and, as a 
result, the pump will not run anymore to extract - the waste heat. On 
the other hand, as soon as the household has hot water demand, the 
storage tank will be_ depleted and the supplemental heat might have to 
come on-line to raise the water temperature. It is of great importance 
to note that this adverse effect is al'o greatly exaggerated by the 
load mismatch with the period of available waste heat. This topic 
will be discussed later in more detail. Wetherington (1980) and 
Olszewski (1984) both point out the importance of adequate hot water 
storage capacity. In fact, previous field test data and simulation 
data indicate that a total storage volume equal to the daily hot water 
usage is sufficient to accomplish this goal (Lovvorn 1980, Tu et al. 
1981). Tables 7 and 8 show the effect of increase in storage tank 
size for the one- and two-tank model. Any increase in the storage 
tank size will slightly increase the amount of energy recovered. How-
ever, the energy provided by the supplemental heat will increase 
considerably. Again, a more severe impact is noticed on the one-tank 
model than on the two-tank model . 
Discharge Temperature of the Compressor 
As it was discussed in the previous sections, the counter-flow 
HRU model used in our simulation has a constant effectiveness. In 
order to analyze the influence of the HRU's effectiveness on the overall 
system performance, the superheated refrigerant gas entering the HRU 
was modeled at various temperatures. The total heat transferred across 















VARIATIONS IN THE VOLUME OF THE STORAGE 
TANKS FOR THE ONE-TANK MODEL 
.2 .25 .302 .4 . 5 
0 25 .51 100 150 
15,180 15,220 15,220 15,370 15,850 
0 .3 .3 1. 3 1. 1 
3,125 3,531 3,922 4,584 5,203 
0 13.0 25.5 46.7 66.5 
~6,480 t36,390 t36,370 B6,170 36,080 
0 - .. 2 -.3 -.8 -1.1 
-151. 8 -191.6 -233.2 -314.1 -396.9 
0 26.2 53.6 106.9 161.5 
24,750 ~5,010 25,220 25,710 26,050 
0 1.1 · 1. 9 3.9 5.3 
t36,400 G6,310 36,280 36,090 36,050 


































VARIATIONS IN THE VOLUME OF THE 
STORAGE TANKS FOR THE TWO-TANK MODEL 
. 2 .2~ .302 .4 .5 
0 25 51 100 150 
23,320 23,410 23,490 23,590 23,670 
0 , .A ·. 7 1.2 1. 5 
508.6 587.7 664.5 799.7 923.7 
0 15.6 30.7 57.2 81.6 
22,610 22,650 22,660 22,690 22,700 
0 .2 .2 .4 .4 
-541. 2 -674.9 -813.8 -1,075 -1,341 
0 24~7 50.4 98.6 147.8 
2,971 3,346 3,701 4,305 4,855 
0 12.6 24.6 ' 44.9 63.4 
8,420 8,222 8,050 7,760 7,521 
0 -2.4 ...:4. 4 -7.8 -10. 7 
-175 -222.4 -272.9 -370.7 -474 
0 27.1 ~6.0 111. ff' 170.9 
11,380 11,560 1~,740 12,050 12,350 
0 .1. 6 3.2 5.9 8.5 
31,010 30,840 30,700 30,450 30,220 






















(TH . - TC .) ,1 ,1 
exhibiting the fact that an increase in heat exchanger effectiveness 
and an increase in refrigerant inlet temperature would have similar 
effects. 
Tables 9 and 10 display the effect of increasing the temperature 
of entering superheated refrigerant gas on both the one- and two-tank 
models. A mere 17% increase over the baseline in the discharge temper-
ature of the compressor has increased the energy extracted by the HRU 
by more than 50% over the baseline for the one-tank model, and over 15% 
for the two-tank model. It must be noted that there is more energy 
recovered by the two-tank model than by the one-tank model. This must 
be attributed to the fact that· the two-tank model has twice the hot 
water volume of the one-tank model, resulting in greater energy transfer. 
Table 10 shows that as a result of more heat extraction, the one-tank 
model is rapidly approaching the limit of the two-tank model. In 
practice, this limit is imposed upon both systems by the size and 
surface area of the HRU and the discharge temperature of the superheated 
gas. 
It can also be seen that the auxiliary heat is proportionally 
decreasing at a faster rate in the two-tank model. As a result of 
higher temperature preheat tank, there is now less need for supplemental 
heat. There is also more heat lost to the environment by the two-tank 
model. 













VARIATIONS IN THE DISCHARGE TEMPERATURE OF 
THE COMPRESSOR FOR THE ONE-TANK MODEL 
73.8 76.6 79.44 82.2 85 
0 3.8 7.6 11.4 15.2 
11,410 12 '840 14,130 15,180 16,430 
0 12. 5 23.8 33.0 44.0 
3,809 3,838 3,874 3,928 3,957 
0 .8 1. 7 3.1 3.9 
35,260 35,640 36,000 36,420 36,620 
0 1.1 2.1 3.3 3.9 
-253.9 -248.4 -241. 9 -232.1 -227 
0 -2.2 -4.7 -8.6 -10.6 
27,740 26,740 25,970 ~5,190 24,560 
0 -3.6 -6.4 -9.2 -11. 5 
35,180 35,580 35,930 36,330 , 36,610 



































VARIATIONS IN THE DISCHARGE TEMPERATURE OF 
THE COMPRESSOR FOR THE TWO-TANK MODEL 
73.88 76.6E 79.44 82.2 85 
0 3.8 7.6 11.4 15.2 
21,400 22,130 22,800 23,490 24,130 
0 3.4 6.5 9.8 12.8 
339 471.4 577.2 664.5 744.5 
0 39.1 70.3 96.0 119.6 
21,070 21,590 22,130 22,660 23,130 
0 2.5 5.0 7.5 9.8 
-872.5 -847.5 -828.7 -813.8 -800.3 
0 -·2. 9 -5.0 -6.7 -8.3 
3,664 3,683 3,690 3,701 3,709 
0 . 5 . 7 1.0 1. 2 
9,436 8,986 8,520 8,050 7,647 
0 -4.8 -9.7 -14.7 -19.0 
-279.6 -276.9 -274.9 -272.9 -272 
0 -1.0 -1. 7 -2 .4' -2.7 
13,090 12,650 12 '.200 11, 740 11,340 
0 -3.4 -6.8 -10.3 -13.4 
30,560 30,560 30,630 30,700 30,800 
0 0 .2 .5 .8 
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The effectiveness of the heat recovery unit is a parameter limited 
by the availability of higher performing HRUs in the market. In fact, 
most of the HRU manufacturers have similar designs with relatively close 
effectiveness. Depending on the workmanship and special alloys used in 
manufacturing, some HRUs might perform better than others. 
Set Temperature of the 
Heating Element Thermostat 
The thermostat setting of the storage tank electric element is 
another important factor. After all, a higher thermostat setting 
will require greater amounts of energy to be added to the tank. This 
heat energy will come from the HRU and when the air-conditioner is 
not operating, the supplemental heating element has to take over and 
raise the water temperature to the desired setting. 
As was discussed earlier, this could have an adverse effect on 
the system performance. In a residence, hot water is used at different 
temperatures for different purposes. For example, 40.5°Cis hot enough 
for a shower, 49°C is about the limit for lavatories and 60°C may be 
required for laundry and dishwashing. Therefore, the water temperature 
has to be high enough to accommodat~ all of these functions. In 
general, a thermostat setting of 60°c is used in most residences and 
most of the simulations reported in the literature have used this 
thermostat setting. However, thermostat settings as low as 49°C and 
as high as65.5°C have been used, depending on the individual's point 
of view or the desired function. In the present simulation, 49°C . 
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was used as a baseline and then compared with the results of settings 
as low as 45°C and as high as 59°C . As expected, there was no effect 
on the heat recovery by the HRU in the two-tank model regardless of 
what the thermostat setting was. The HRU delivered a. certain amount 
of energy to the preheat tank which was always constant. After all, 
there was no thermostat in the preheat tank and the incoming water to 
the HRU was drawn from the bottom of this preheat tank. ·However, the 
amount of energy delivered by the supplemental electric heat was 
increased by more than 161% over the baseline when the thermostat 
setting was raised from 45°C to 59°C (see Table 11). There was also 
an increase of more than 55% over the baseline in the heat loss to 
the environment due to higher primary tank temperature. Table 12 shows 
the effects of thermostat adjustment on the one-tank model. It can 
be seen that, as the storage tank thermostat setting is increased, 
there is less energy available through the HRU. In fact, the HRU 
capability has decreased by over 32% of the original baseline when 
the thermostat setting was increased from 45°C to 59°C. At the same 
time, there has been an increase of about 63% over the baseline in the 
energy supplied by the supplemental -electric heat. As the thermostat 
setting goes up, the overall tank temperature increases. As a result, 
the water enters the HRU at a higher temperature. In lieu of a fixed 
HRU outlet temperature, there will be a smaller temperature differen-
tial across the HRU and, therefore, less energy extracted from the 
superheated refrigerant gas. We can see that in the case of the one-
tank model, it is extremely disadvantageous to keep the thermostat 
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TABLE 11 
VARIATIONS IN THE TEMPERATURE OF 
THE HEATING ELEMENT THERMOSTAT FOR THE TWO-TANK MODEL 
T 45 49 51.6€ 55 57 59 
3set 0 8.9 14.8 22.2 26.7 31.1 
Q 23,490 23,490 23,490 23,490 23,490 23,490 %HRU 0 0 0 0 0 0 
Qenv 664.5 664.5 664.5 664.5 664.5 664.5 
% I 0 0 0 0 0 0 
Qtank1 
22,660 22,660 22,660 22,660 22,660 22,660 
% 0 0 0 0 0 0 
tE 1 -813.8 -813.8 -813.8 -813.8 -813.8 
-813.8 
% 0 0 0 ·o 0 0 
Q 2,957 3,410 3,701 4,083 4,330 4,612 env 11 0 15.3 25.2 38.1 46.4 56.0 % 
Q 4,007 6,345 8,050 10,250 11, 770 13,600 
% tank II 
0 58.3 100.9 155.8 193.7 239.4 
~EI I -406.4 -324.6 -272.9 -205~3 -161. 7 -111.7 0 -20.1 -32.8 -49.5 -60.2 -72.5 
Q 6,950 9,737 11, 740 14,330 16,090 18,200 
% auxII 
0 40.1 68.9 106.2 131. 5 161. 9 











VARIATIONS IN THE TEMPERATURE OF THE 
HEATING ELEMENT THERMOSTAT FOR THE ONE-TANK MODEL 
45 49 51. 66 55 57 
0 8.9 14.8 22.2 26.7 
17,560 16,220 15,220 13,980 12,740 
0 -7.6 -13.3 -20.4 -27.5 
3,127 3,601 3,922 4,314 4,571 
0 15.2 25.4 38.0 46.2 
33,370 35,170 36,370 t37,690 38,430 
0 5.4 9.0 12.9 15.2 
-374.9 -290.4 -233.2 -163.8 -117.9 
0 -22.5 -37.8 . -56. 3 -60.6 
19,180 22,820 25,220 28,310 29,540 
0 19.0 31. 5 47.6 54.0 
I 
















setting any higher than the minimum acceptable temperature. The fact 
that the percentage of increase in the supplemental _ heat of the one-
tank model is smaller than the two-tank model should not result in any 
erroneous conclusion. Looking at the total amount of actual energy 
provided by the auxiliary heater in each case will show that there is 
over 60% more electric energy added to the one-tank model. 
So, it can be safely concluded that a higher than necessary 
thermostat setting is costly in terms of additional electric energy. 
In addition, in a household, hot water higher than 49°C is rarely 
required other than for occasional use of a dishwasher and for laundry. 
Load Mismatch 
Finally, one of the most important and serious concerns is the 
mismatch existing between the time of available A/C waste heat and 
household hot water need. In an average residence, the hot water demand 
is at its highest level early in the morning between 6:00 a.m. and 
10:00 a.m. and levels off during the rest of the day and early after-
noon. As the residents return home early in the evening, once again 
the hot water demand increases and reaches its maximum between 6:00 p.m. 
and 9:00 p.m. This is clearly evident by the hourly consumption pro-
file generated by the Rand Corporation, as shown in Figure 6 (Mutch 
1974). On the other hand, the air-conditioning load reaches low levels 
during the night and early morning hours and reaches its peak during 
the early afternoon as the outside temperature reaches its maximum. 
Then again, it levels off during the early evening hours for the rest 
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of the night. So, it can be seen that when there is a maximum amount 
of waste energy available, the household needs are DOt great. As a 
result, the storage tank temperature rapidly builds up to the maximum 
HRU thermostat setting in the afternoon, the circulating pump cuts off 
and the hot water stays in storage without use for a time. This hot 
water graduallly loses its temperature due to losses to the environment 
and has to be compensated for by the HRU, if available. Otherwise, 
the electric heating element has to provide the additional energy 
required. 
This dilemma can only be overcome by an energy conscious 
household. There are certain functions in a house that require a 
great amount of hot water and do not have to take place at any particu-
lar time~ such as dishwashing, laundry, etc. These functions can be 
scheduled manually or via a timer so that the appliances will run when 
there is an excess of hot water. The periods of maximum hot water 
demand should be adjusted so that they will closely follow the periods 
of maximum energy availability. It must be noted that the two storage 
tank arrangement will ease some of this mismatch by storing higher 
temperature water that could be used . at a later time. 
It must also be realized that there are other cases where the 
hourly water consumption profile generated by the Rand Corporation 
does not hold true. In many residences, there is no one at home 
during the day and the air-conditioning is shut-off all day. In such 
cases, the advantages of an HRU could be even greater, because all the 
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hot water consumption and air-conditigning will take place at the 
same time, eliminating any hot water storage when nqt needed. 
CHAPTER V 
FINDINGS AND CONCLUSIONS 
In this chapter, the simulation results of each model are 
individually summarized and, based on the data, the optimum system 
parameters are identified. 
One-Tank Model 
It was found that an increase in the outlet temperature of the 
HRU will also increase the heat recovered by the HRU. However, the 
key factor, the electrical energy input, also increased. In other 
words, there was no advantage gained by this adjustment. However, 
as it was discussed earlier, lack of a tempering valve in the model 
could have resulted in an adverse effect on the supplemental electric 
energy input. Irregardless, the HRU outlet setting should be main-
tained so that it is at least 5-10°C higher than the storage tank 
temperature setting. The primary concern is the average hot water 
temperature the household requires. It appears that an outlet 
temperature of 65.5°C to 71°c from the HRU is high enough to keep the 
storage tank supply steady. It should be mentioned that if the house-
hold can live with lower temperature hot water, then this setting 
could be adjusted to conserve the auxiliary energy input. 
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An increase in the setting of stora.ge tank thermostat proved to 
have an adverse effect on the HRU. In fact, the totaJ energy available 
through the HRU steadily decreased as the thermostat setting was 
adjusted higher. This was due to the higher energy input by the 
auxiliary heating element that caused the return water into the HRU 
to be at higher temperature, resulting in lower change in temperature 
across the HRU. In general, a thermostat setting of 49°c-6o0 c has 
been reco11111ended because this is the temperature range acceptable to 
most appliances and household needs. 
An examination of the discharge temperature of the superheated 
refrigerant gas out of the compressor revealed that the HRU output 
will increase proportionally. The electric energy input decreases as 
a result of this higher HRU output. However, this is a function 
inherent of the compressor age and efficiency. In general, older 
compressors will run on higher compression ratios and outlet temper-
atures which, in this case, are advantageous to the HRU performance; 
but disadvantageous, of course, to the overall household energy 
performance. 
As the storage tank volume is increased, the HRU was found to 
be providing more energy and, at the same time, the electric energy 
input increased along with the system losses. It is widely recom-
mended by researchers and system designers to size the storage tank 
equal to the daily household consumption. In most experimental 
setups, an 80-gallon storage tank is used. Smaller storage tanks 
might look more attractive, energy wise, at the first glance, 
but as a result·.of .quick depletion, when there is a surge of 
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hot water demand, the electric energy consumption will increase. 
Hot water consumption is generally a function of the number of 
people present in a household. As this consumption goes up, the HRU 
will recover greater amounts of energy and environmental losses will 
decrease. The auxiliary heating element will have to work harder to 
compensate for the system inadequacies and the mismatch between the 
air-conditioning load and the hot water demand. There is no doubt 
that higher hot water demand will increase HRU output and system 
efficiency although electric energy input will also go up. That is 
why the HRU is generally more efficient and economically feasible 
(lower payback period) when the hot water consumption is high. 
Two-Tank Model 
As the outlet temperature of the HRU is increased, the total 
energy recovered increases; so does the system losses to the surround-
ing area. The energy provided by the auxiliary does not seem to change 
and is independent of the HRU outlet temperature setting. It is, 
therefore, beneficial to set the HRU at higher temperatures because 
greater amounts of energy will be recovered. However, it should be 
kept in mind that the environmental losses will also increase propor-
tionally. The highest HRU temperature setting is, of course, limited 
by the superheated refrigerant temperature discharged by the 
compressor. 
The computer simulation data revealed that, as it was expected, 
increasing the thermostat setting of the primary storage tank does not 
affect the total energy recovered by the HRU. In fact, the additional 
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energy required was delivered by the auxiliary heating element. The 
environmental losses of the primary tank also increas-ed proportionally. 
It is, therefore, obvirius that higher thermostat setting has nothing 
but adverse effect on the total energy input of the auxiliary heating 
element. In this arrangement, too, the thermostat setting must be 
adjusted so that the household will always have adequate hot water at 
reasonably high temperature (49°C-60°C). 
As the compressor discharge temperature goes up, the efficiency 
of the HRU increases. There is more energy available by the HRU 
and less energy is supplemented by the auxiliary element. Higher 
preheat tank temperature will, in fact, raise the primary tank 
temperature, too. This advantage is, however, not without penalty, 
because generally speaking, high discharge temperature is a sign of 
an aging compressor which eventually has to be replaced. The air-
conditioning system efficiency is also adversely affected by high 
temperature superheated gas discharge. 
An increase in the volume of the two storage tanks showed that 
greater amounts of energy were recovered by the HRU although the 
system's environmental losses also increased. The supplemental heat 
generated by the auxiliary increased, too, which was undesirable. As 
in the case of the one-tank system, the storage tank volume must be 
sized so that it will take care of the household demand. Anything 
beyond that will be costly, not only in terms of initial capital 
investment, but also higher energy bills. In some experimental 
setups with two storage tanks, the two were both picked to be 40-
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gallons. This setup could, however, leave the household with 
inadequate hot water if there is a surge in hot water 
demand. 
Increasing hot water consumption was found to influence the 
auxiliary more so than the HRU. Although there was an increase in the 
total energy recovered by the HRU, the supplemental heating 
increased more dramatically. It is of great importance to regulate 
the hot water consumption and try to take advantage of the time there 
is an abundance of energy available by the air-conditioning. 
The insulation thickness of the two storage tanks significantly 
influences the energy savings. In spite of reduction in total energy 
recovered by the HRU, there was less energy supplied by the auxiliary 
heating element. This was the result of lower environmental losses by 
the two storage tanks. The insulation effect need not be exaggerated 
because beyond a certain point the environmental heat losses will 
actually increase. In addition, the insulation addition must be looked 
at from the economics point of view, in order to correspond to a 
reasonable payback period. 
It is needless to say that highe~ air-conditioning load or 
larger residences will benefit the HRU, however, at the expense of 
greater energy usage and higher energy bills. 
The results of the two-tank system were, for the most part, 
similar to the ones obtained by the single-tank arrangement. However, 
in each case studied, there was considerably less auxiliary electric 
heat required to supplement the two-tank system. There was more 
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energy recovered by the HRU in the two-tank arrangement. It was 
primarily due to allowing the HRU to run as long as the compressor is 
working. 
The HRU with a preheat storage tank would be a viable alternative 
to single-tank arrangements. Although the initial capital investment 
is higher for the two-tank model, the economic advantages gained from 
it will make this arrangement a more efficient system than the one-
tank model. As the hot water consumption goes up, the two-tank model 
becomes even more attractive in terms of shorter payback period. 
However, that by itself could not be as efficient and cost-effective 
unless the total system is tailored for the individual residents and 
their hot water needs. 
CHAPTER VI 
RECOMMENDATIONS 
This simulation program and report was primarily to investigate 
the heat recovery system and the key parameters influencing the 
system's behavior. As mentioned earlier, the key parameters were 
individually analyzed and their effect on the total system discussed. 
However, the combined effect of such parameters on the system perfor-
mance is still unknown. One may not expect to observe similar outcomes 
if two parameters, for example the HRU exit temperature and the 
storage tank thermostat setting, or more are simultaneously analyzed 
under various conditions. The r~sult of such data compilation could 
dramatically change one's outlook of the heat recovery system. 
Such data gathering, coupled with an experimental study 
adequately instrumented, could produce remarkable results. It will 
also provide a computer model that will closely simulate actual conditions 
and predict system performance under any circumstances. Such study 
will require a totally instrumented system monitoring flow rate and 
temperature of water entering and leaving any system components. 
Various energy consuming devices in the site need to be monitored and 
recorded. 
Another area of further investigation is incorporation of a 
tempering valve for both single- and two-tank models. This could 
improve or verify some of the results obtained for the one-tank model. 
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F.inally, a model comparison of constant speed versus variable speed 
pumps could greatly enhance peFformance of future systems. 
APPENDIX 
The thermodynamic cycle of a 3-ton residential air-conditioning 
system was analyzed to determine the compressor discharge of the 
superheated refrigerant gas, the maximum mass flow rate of the 
refrigerant at maximum capacity and, finally, the maximum flow rate 
of the hot water through the HRU at maximum air-conditioning load. 
These flow rates and temperatures are required in the simulation 
program in order to set the maximum limit on these variables. 
The following cycle, shown in Figure 72 with temperatures as 
indicated, is considered to be one commonly encountered in 
residential refrigeration systems. At an evaporating temperature 
of 40°F, the refrigerant pressure is 83.2 psia, as shown: 
so 
P2 = 83.2 psia 
and at 120°F condensing temperature: 
P4 = P5 = P3 = 274.6 psia 
Knowing the temperature and pressure at point 2, the enthalpy will 
be: 






Figure 72. Temperature-Entropy Diagram for R-22. 
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S2 = 0.225 BTU/lb-°F 
For an ideal cycle (isentropic compression): 
S2 = S3 = 0.225 BTU/lb-°F 
Now that the entropy and pressure at point 3 are known, then: 
and 
T = 170°F 3 
H3 = 124.29 BTU/lb 
Assuming a compressor efficiency of 85%: 
0.85 
so: 
124.29 - 110.3 
R3a - 110. 3 
H3a = 126.7 BTU/lb 
At H3a = 126.7 BTU/lb and P3 = 274.6 psia, the temperature is: 
T = 180°F 3a 
This will be the compressor discharge temperature of the superheated 
gas entering the HRU, neglecting the line losses. The heat input 
from the evaporator is: 
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Since H2 = H5 , then: 
Qin = 110.3 - 42 = 68.3 BTU/lb 
For a 3-ton air-conditioning unit, the total available cooling 
capacity is 36,000 BTU/hr, so the mass flow rate of the R-22 at 
maximum capacity is: 
mR_22 = 
3~B~~OB~~~~~r = 527 lb/hr= 239 kg/hr 
The maximum water flow rate is obtained by assuming 20°F temperature 
difference across the HRU and 2400. BTU/hr/ton of refrigeration avail-
able to the HRU. The 2400 BTU/hr/ton seems to be a conservative value 
and is mostly used as a good estimate (Gay 1980, Wetherington 1975). 
The counter-flow heat exchanger (HRU) is assumed to have an effective-
ness of 0.9. The maximum water flow rate is found to be: 
Q = m cP ~T 
(2400 B~~~hr) (3 tons) = mH
2
0, max (0.99 ~~gF) (20°F) 
Then: 
= 363.3 lb/hr = 165 kg/hr = 43.5 gallons/hr 
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